Abstract. This paper presents automated finite element modeling method and application to a biomechanical study. The modeling method produces a finite element model based on the multi-sliced image data adaptively controlling the element size according to complexity of local bony shape. The method realizes a compact and precise finite element model with a desired total number of nodal points. This paper challenges to apply this method to a human skull because of its intricate structure. To accomplish the application of the human skull, we analyze characteristics of bony shape for a mandible and a skull. Using the analytical results, we demonstrate that the proposed modeling method successfully generates a precise finite element model of the skull with fine structures.
Introduction
Patient-specific modeling based on multi-sliced images such as CT or MRI data are a powerful method for biomechanical analyses of bones. There are various types of modeling methods based on multi-sliced images [1] [2] [3] [4] [5] [6] . The first one is a method that directly divides a modeling space extracted from multi-sliced images into hexahedral elements [1] . The method is powerful, but is not good at expressing intricate local structures of a bone. The second is a transformation method that deforms a standard model provided in advance according to outline of the object [2] . The third is a method that expresses the object with small tetrahedral elements using a computerized mapping technique called the marching cubes method [3] . The fourth is a voxel modeling that represents a bony shape with small cubic elements [4] And the fifth is a method that distributes nodal points in the objective space and divides the space into tetrahedral elements [5] . Among the methods, the voxel modeling has become the most popular method because of the simple algorithm. However, the method requires huge number of elements for precise modeling. Additionally, the method is not good at expressing a curved surface because of cubic faces.
A human masticatory system composed of a mandibular bone and masticatory muscles is an important subject in the biomedical fields, but there are few papers on stress analysis including a human skull. If we express the skull using the voxel method, it would be a huge number of elements that makes it difficult to execute stress analysis with an ordinary computer.
The authors have proposed an individual modeling method based on X-ray CT data. The method effectively expresses a bony shape with a limited number of tetrahedral elements. Our previous studies have demonstrated the validity of the method generating a precise mandibular model with a limited number of elements. In this study, we challenge to apply our method to the human skull.
Basic meshing algorithm
First of all, we briefly explain our modeling method. The method is composed of the following four processes. These corresponding processes are shown in Fig. 1 .
Process 1 Extraction of a modeling space of a bone from multi-sliced CT images. Process 2 Distribution of nodal points in the modeling space. Among these processes, process 2 is the most important part because this process determines quality of the modeling. We must consider how the nodal points are effectively distributed to the whole modeling space of the object. It should be densely distributed to an intricate portion of the object. On the contrary, it may be sparsely distributed to a portion where is flat or homogenous in shape. To estimate local complexity of the object, we introduce a "form factor". The form factor is calculated by the following step 1 and 2. Then distribution of nodal points in the modeling space is performed by the step 3.
Step 1:
Count of number of subsistent voxels N (i) around a remarking voxel i in a cubic inspection space of which side length is n as shown in Fig. 2 . Step 2:
Computation of a form factor F S (i) for a voxel where is placed on the surface of the object using the equation (1) . The equation means difference between the number of subsistent voxels and half value of the inspection space.
228
Materials in Clinical Applications VII
Step 3: Distribution of nodal points according to the form factor F S (i)
. Nodal points are sparsely distributed at the portion where F S (i) is small. On the other hand, they are densely distributed at the portion where F S (i) is large.
Here we will explain why the form factor is valid for estimating complexity of shape in the distribution of nodal points using a two-dimensional inspection space as shown in Fig. 3 . Fig. 3 (a) illustrates a case that a part of the object has a sufficient thickness and a smooth surface. The inspection space has an area with the side length n=15 and a remarking voxel is placed in the center of the space. In this case, the number of subsistent voxels N (i) becomes 115. As n 2 /2 is equal to 112.5, thus the form factor F S (i) is calculated at |115-112.5| = 2.5. In the same way, the form factors are calculated at every voxel point on the surface of the object. Table 1 summarizes the number of subsistent voxels N (i) and the form factor F S (i) in each case as shown in Fig. 3 
(a)~(d).
Stress concentration may occur at the portions where have small radius of curvature ( Fig. 3 (b) or (c)) or have thin thickness (Fig. 3 (d) ). In such cases, the form factors have high values. On the contrary, stress concentration may not relatively occur at the portion with flat surface and sufficient thickness as in Fig. 3 (a) , and the form factor has small value at the place. Using the relationship between the form factor and local shape of the object, we obtain the basic principle to control size of elements as described in the step 3. . The inside form factor F I (j) for an inside voxel j is computed according to the distance x from the surface voxel i as the following equation.
Where k is a constant value denoting distance from the surface of the object. The inside form factor F I (j) is determined by the distance from the surface. Fig. 4 illustrates the distribution of the inside form factor as a easily comprehensible image. 
Control of element size
The proposed method is possible to make a desired scale of model by controlling element size of the model. The element size is essentially ruled by the representative distance between nodal points composed of the finite element. Using the knowledge, we can control the scale of the element under the condition that the model has various sizes of elements using the following method.
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First of all, we consider the case that all elements take same size. Fig. 5 shows the triangular division with almost same size of elements because the object has the same form factor in the modeling space. In this case, the volume v for one nodal point is written by the next equation.
Where, V is the total volume of the object and N is the total number of nodal points of the model. The distance of the nodal point r is expressed as follows.
Now, we consider the method to adjust the desired scale of the model when the model takes different element sizes. Fig. 6 (a) shows the case that the object includes different form factors. In this case, we suppose a condition that the model is distended according to the form factor. Fig. 6 (b) shows the distended shape. The distend shape is placed in a kind of virtual space and has a same form factor. In this condition, we equally allocate nodal points to the distended shape using same distance of the nodal points r' calculated from total volume of the distended space. Here, the important point is that we can specify the scale with the total number of nodal points. Then, we put back the model according to the form factors. At this time, the allocated nodal points are also moved with the shape. Finally we can obtain the desired distribution of the nodal points as shown in Fig. 6 (c) with keeping a desired total number of nodal points. 
Application to a human skull
A huge finite element model requires a lot of computational time as well as computational power. For this reason, it is desirable to minimize the finite element model while keeping accuracy of the computational results. It is important to consider proper allocation of finite elements under a limited number of elements. That is, small size of elements should be used to represent intricate portions of a modeling object while large size is for simple ones in shape. First we discuss the inspection space for precise modeling because the inspection space may affect calculation of form factors in application to an intricate object such as a human skull. We examined distributions of form factors in the modeling space for a mandible and a skull with two kinds of inspection spaces using the X-ray images. Fig. 7 shows histograms of the form factor when side length of the inspection space n is 11 and 33. The horizontal line denotes the form factor, and the vertical line denotes ratio of voxels of the each bone. In case of the mandible, the distributions is almost same when n is either 11 or 33. This means that we can expect to obtain same quality of mandibular models for n=11 or 33.
On the contrary, the distributions in case of the skull are quite different for n=11 and 33. When n is 11, the distribution has one peak and is similar to the case of the mandible. However, when n is 33, the distribution has two peaks and one of the peaks is located at the larger form factor. This means that a larger number of small size of elements will be produced compared with the condition of n=11. This suggests that the condition of n=33 may fail to calculate proper form factors because the n=33 is too large for the human skull.
Next we performed patient-specific modeling of the human skull. Fig. 8 shows results of the patient-specific modeling when n is 11 and 33. The both models are controlled to have an almost same scale. When n is 11, the model is generated with good quality. Large size elements are allocated to simple structural portions of the skull and small size elements to intricate portions.
On the contrary, the condition n=33 causes an improper allocation. Many small size elements are used for upper part of the skull although they should be used for intricate structural portions. As the result, elements are insufficient to express the intricate bony portions of the skull. 
Stress analysis
Using the generated finite element model of the human skull, we performed stress analysis. First, we set Young's modulus to every element according to the CT number. There is a proportional relationship between the CT number and apparent density of bone. Referring to the report by Carter et al [6] , we estimated Young's modulus of the elements. Next, we set a tentative bilateral biting condition to the model using a tool developed by authors [7] Fig. 9 shows the mechanical condition. Performing the finite element analysis, we obtained the computational result as shown in Fig. 10 . Although the biomechanical discussion still remains, we establish the modeling method that enables to make an intricate structure. 
Conclusions
This paper reported a patient-specific modeling method based on the multi-sliced data. The method automatically controls size of finite element according to shape of the object. For precise modeling, we examined a proper inspection space that controls element size. The proposed method successfully generated a precise finite element model of a human skull with moderate nodal points. Owing to the effective modeling, we demonstrated that it was possible to execute stress analysis with an ordinary personal computer. The proposed method is applicable to other objects with indeterminate forms because the human skull is one of the most intricate structures of bones. The method is expected to apply industrial parts such as porous structures because they are very difficult to make the finite element model with an ordinary engineering software.
